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Abstract 
In a future energy generation market, the storage of energy is going to become increasingly important. 
Besides classic ways of storage, like pumped storage hydro power stations, etc, the production of 
hydrogen will play an important role as an energy storage system. Hydrogen may be stored as a liquefied 
gas (LH2) on a long term base as well as for short term supply of fuel stations to ensure a so called 
“green” mobility. The handling with LH2 has been subject to several recent safety studies. In this context 
reliable simulation tools are necessary to predict the spill and spreading of LH2 during an accidental 
release. This paper deals with the different boiling regimes: film boiling, transition boiling and nucleation 
boiling after a release and their modeling by means of an inhouse-code for wall evaporation, which is 
implemented in the commercial CFD code ANSYS CFX. The paper will describe the model, its 
implementation and validation against experimental data, such as the HSL LH2 spill experiments [1]. 
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1. Introduction 
Liquid hydrogen storage facilities in urban environments are an upcoming topic in the near 
future. The economic comparison with pressurized gaseous hydrogen storage facilities, liquefied 
hydrogen requires much less volume for the same amount of energy. On the other hand, to liquefy 
hydrogen it has to be cooled down to a temperature of 20.28 K. This facts indicated its importance if the 
hydrogen has to be transported on large distances. 
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Liquified hydrogen (LH2) is going to be used not only as an energy is storage system, but also as 
a fuel for any kind of vehicle. This indicates that a wide range of the society will use and handle such 
storage systems. Safety and security issues have to be identified, discussed and addressed, which are not 
present at secure and regulated industrial sites. 
On the other hand liquid hydrogen is preferred to be used for transporting a high amount of bulk on long 
distances. Therefore the transport with ships might become increasingly important in the future. Safety 
and security issues have to be identified, discussed and addressed during the use of ships as an hydrogen 
carrier. 
The spontaneous failure of the integrity of a bulk LH2 storage system is a possible hazard for both 
applications. The evaporated gas will form an explosive cloud with the surrounding air, while the 
cryogenic pool can lead to heavy injuries on human beings. Thus the prediction of the atmospheric 
hydrogen distribution, as well as the prediction of the pool spreading is an important task.  
The release, spill and spread of a cryogenic pool as well its evaporation andatmospheric transport and 
mixing of the cryogenic gas has been subject to many experiments in the past, such as conducted by 
Witcowski et al. [2], Dienhart [3] and Hooker et al.. [1]. On the other hand these experiments have been 
subject to an immense amount of simulation work in order to model the distribution of either pool and 
gaseous hydrogen air clouds, such as Verfondern et al. [4] and Chitose et al. [5],[6].  
During the release of liquid hydrogen a lot of different physical phenomena occur. Figure 1 shows a 
possible release of liquid hydrogen. 
 
 
Fig. 01. Physical phenomena occurring during spill and distribution of a cryogenic liquid hydrogen pool. 
During the release a spontaneous flash evaporation of 2GHm  at the release point occurs, the 
remaining liquid 2LHm  distributes with a pool front velocity Fv . Due to its low temperature, the 
temperature difference between environment and pool is quite large, heat will be transported into the pool 
from the surrounding. The temperature difference between wall and pool is so high that boiling occurs at 
the interface. Gas bubbles upward in the pool with a bubble velocity Bv . and further gas evaporates at the 
interface cryogenic pool and air due to heat convection from the air and due to heat radiation for example 
from the sun or the burning of the cloud. The evaporated gas, if not burnt, will then distribute into the air 
due to buoyancy. The gas has to be considered by means of real gas properties because the ideal gas law 
is expected not to be valid due to the very low temperatures. At the interface pool-air the temperature is 
below the liquidification temperature and even the solidification temperature of oxygen and nitrogen. 
Phase change of oxygen and nitrogen might occur. Distribution of the pool is limited to the equilibrium 
between inlet liquid hydrogen mass flow and evaporation rate Vm . Dienhart [3] stated that the main 
contributor to the heat transfer into the pool is the heat transfer from the ground or walls wq . It is 
expected that this heat transfer is therefore the main contributor of the evaporation rate. 
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In a first model developments step an evaporation model, which models the different boiling regimes at 
the ground and walls has been developed and implemented in the commercial CFD code ANSYS CFX 
[13]. 
 
Nomenclature 
 a  nucleation boiling related exponent  x  geometrical distance 
 b  nucleation boiling related exponent  '  difference 
 pc  heat capacity at constant pressure  K  dynamic viscosity 
 g  gravitation     O  heat conductivity 
 h'  latent heat     U  density 
 L  wavelength     V  surface tension 
 mcc  area based mass flow    Indizes 
 n  nucleation boiling related parameter  LH2  liquid hydrogen 
 p  pressure     GH2 gaseous hydrogen 
 q  heat flux     cr critical 
 qcc  heat flux density    V evaporation rate 
 T  temperature     N nucleation boiling 
2. Wall evaporation model 
Boiling phenomena have been studied for over a decade, but they are still not well understood. 
Numerous amounts of papers have been published, even though complete understanding has not been 
achieved. Beside the transition boiling area has not been experimentally examined, the nucleate boiling 
area is widely described by different empirical equations Brentari et al. [7] presents in his work the heat 
transfer data for nucleate and film boiling of cryogenics such as hydrogen determined from experiments 
and the most suitable and available predictive correlation as functions. Fig. 02 gives an overview of the 
used experiments and the best fitted functions to describe the different boiling regimes. Brentari et al. also 
analyzed the available theoretical equations and compared them with the experiments. He found that the 
Kutdaladze equation considering nucleate boiling and the Breen and Westwater equation used for film 
boiling fits best to the experimental data. The maximum heat flux where nucleate boiling occurs is also 
provided by Kutdaladze, the minimum heat flux for film boiling can be calculated by Zuber’s [8] 
equation, provided e.g. by Lienhardt et al.. [9]. The different correlations/equations for the prediction of 
heat flux density are sorted in the manner the boiling regime is expected to occur in the case of a 
cryogenic liquefied hydrogen release. Directly following the release of the cryogenic liquid a temperature 
difference between fluid and wall can be determined and provides the information what boiling regime 
will consequently occur. Evaporation of the cryogenic liquid leads subsequently to a cooling-down of the 
wall and another boiling regime might occur.  
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The fact that the cryogenic liquid hydrogen has a temperature of 20.3 K and the wall has 
definitely a higher temperature than 41.69 K film boiling is expected at the beginning of the release. 
According to Brentari et al. the Breen and Westwater [10] correlation for the heat flux density during film 
boiling is applied. The wall heat flux is: 
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It is obvious, that the heat flux is correlated only with the liquid and gaseous properties of 
hydrogen as well as the temperature difference between wall and fluid.  
 
Fig. 02. Nukiyama Diagram of liquid hydrogen, comparison of different experimental data and equations which describe the 
different boiling regimes [BRE65 7] 
When the surface cools down the temperature difference reduces. In a range between 2.77 K < 
ΔT < 21.39 K a transition boiling regime occurs where either film boiling, nucleate boiling or a mixture 
of both might occur. This transition boiling regime has been not well understood since today. In the 
literature, e.g. by Lienhardt et al., it is stated that the transition boiling regime coming from film boiling 
starts at a minimum heat flux. It is expected that this minimum heat flux does not depend on the 
temperature difference between wall and fluid and stays constant until the nucleate boiling heat flux curve 
is reached. The minimum heat flux is defined to 
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If  the temperature difference falls below 2.77 K nucleate boiling can be expected and Brentari et 
al. found Kutadeladze’s correlation for the Nusselt number [11] fits best to experimental data. The heat 
flux density is than defined according to the definition of nucleate boiling heat flux [9] using 
Kutadeladze’s correlation as: 
         106, 2 22 20.5 2 22 2, 2 2 0.1250.60.5 2 0.71.53.25 p LH LHLH LH n ncr LH LHLH GH e LH GH crc a bpcrL gh Lq g L T nUO UK V UO Uo   '   ª ºcc   ' « »¬ ¼  (4) 
The value Lcr, which is defined by the 3D critical wave length of bubble columns is defined by  12
2LHcr g
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is also only dependent on material properties. 
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The temperature exponent aN and bN, as well as the number n are parameter related to nucleate 
boling related parameters. They are chosen to be 1, because at this time the influence of this parameters is 
not determined and only known for some substances, but not for nucleate boiling of liquid hydrogen. 
The evaporation rate is than calculated by 
2 2,LH GH e
q
v hm o
cc
'cc            (6) 
The heat flux is still area based as well as the mentioned evaporation mass flow.  
Imagine that the boiling regime starts in the nucleation boiling section and due to heating of the ground 
the temperature difference would increase. Then the minimum area based heat transfer is not the choice 
for describing the nucleation boiling area based heat transfer. In that case a maximum area based heat 
transfer which described the heat transfer at transition boiling is defined by Kudtaladze and according 
Lienhardt [LIE11 9] shall be used. It is defined to  
  140.52 2 2 2 20.16 LH GH GH LH GHq h gU V U Uocc  '       (7) 
These set of equation is forming a hysteresis, when describing the boiling phenomena of a 
cryogenic pool. Within the commercial CFD code ANSYS CFX v13 this evaporation model is 
implemented using the user fortran interface. During every iteration or time step temperature of the wall 
and the pressure in the near wall fluid cell is provided to the model. Using the introduced equations, the 
model provides the heat flux density. By means of internal equations a volumetric evaporation rate is 
calculated and the mass and heat is removed at the near wall cells by means of a volumetric sink terms in 
the continuity and energy equation. Due to the fact that the heat coming from the wall, the same amount 
of heat is also removed from the wall by a sink. At this time the gaseous hydrogen is not modeled in the 
domain, for this reason the evaporated gas and the consumed heat to evaporate gas leaves the domain. 
3. Experiment 
The Experiments used for the validation of the model have been performed in Baxton, UK by 
Hooker et al. [1], which they refer to as TEST05. Liquid hydrogen was released into the environment 
with a constant liquid mass flow of 0.071 kg/s and the pressure at the inlet throttle has been measured to 
be 1.2 bar.  Environmental temperature at this day was 10 °C.  Due to spontaneous evaporation at the 
inlet, the concentration between gaseous and liquid hydrogen has not been measured and has to be 
determined by parametric studies.  Gianassi et al. [12] calculated the inlet liquid mass flow according to 
the isentropic decompression with 71 % of the overall mass flow. In order to measure the extension of the 
distributed pool 24 thermocouples have been arranged on the interface fluid-ground in a line starting 0.5 
m from the release point and of equidistant distances of 0.1 m. Furthermore 6 thermocouples have been 
installed for temperature measurements of the concrete in a distance of 1.5 m and an offset of 0.2 m of the 
symmetry line in a depth of 0.1, 0.2, 0.3 m. This configuration is shown in Fig. 03. To get data for the 
distribution, the velocity and the surface temperature these data have been analysed. To determine the 
pool distribution and the pool front velocity a method described by Dienhart [3] has been used. He stated 
that if the temperature of a thermocouple in the pool is equal to the cryogenic substance temperature 
(liquid hydrogen has a temperature of 20.3 K) the thermocouple is surrounded by the liquid.  
  
Temperatures of the interface thermocouples have been recorded over time. This means it is 
known when a thermocouple has seen liquid hydrogen temperature and the position is well known. 
Furthermore the maximum pool distribution of the pool can be expected in the same manner. A 
thermocouples temperature which is at a constant low temperature is expected to be surrounded by liquid. 
The thermocouples who fluctuate in their temperature values are expected to be the distribution limit and 
the thermocouples which are not showing the low temperature indicate they never saw the liquid, possibly 
if the temperature decrease, it is expected they have seen cooled down air or gaseous hydrogen.  
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Witcowski et al.. [2] stated in their puplication that a hydrogen volume concentration can be derived  
from temperatures values. Hooker et al. [1] used this method to determine the distribution of gaseous 
hydrogen in their publication. For the ground thermocouples this has to be determined separately.  
 
Fig. 03.position of thermocouples for measuring the pool during the experiment 
If the temperature data is analysed by the above described process it can be stated that the 
maximum distribution of the pool was between 1.2 and 1.4 m. The thermocouple 12 in a distance of 1.7 m 
has obviously not seen liquid hydrogen according to Fig. 04. The thermocouple 10 reached the low 
temperature before thermocouple 09 reached it and the behaviour of thermocouple 11 is strange, because 
there is a shift in temperature at approx. 375 s of 30 K. Therefore these values can not be believed and it 
is expected that the distribution is maximum 1.4 m. 
 
Fig. 04. Temperature vs. time for the first 12 thermocouples [1] 
The simplified equation for heat conduction is the 1D stationary heat conduction equation given  by  
T
xq O ''cc               (7) 
where λ is the heat conductivity of the substance. These simplifications are also valid for this experiment 
because the temperature gradient is linear. Ground temperatures have been measured during the 
experiments in three different depths. Following the theory a linear extrapolation of the temperature value 
for the depths 0.1 m and 0.2 m towards the surface is equal to a linear extrapolation of the temperature 
values for the depths 0.1 m and 0.3 m in a stationary case. Furthermore with this equality the surface 
temperature can be determined. It has been found that at almost the end of the experiment the heat flow 
from the ground can be expected to be stationary and that the surface temperature never went below 25 K 
for this experiment, see also Fig 05. This finding might lead to the conclusion that for this experiment 
never nucleation boiling between at the surface never occurs, because Brentari et al. [7] stated that 
nucleation boiling starts at 23.07 K.   
 
The ground heat conduction should not be affected by water solidification due to the fact, that 
for the used test the concrete ground temperature is -50 °C and all water contained in the ground concrete 
is expected to be ice. 
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Fig. 06. Temperature vs. time of ground thermocouples as well as derived surface temperature 
4. Simulation Setup 
Aim of the simulation is to predict the extension of a cryogenic liquid hydrogen pool. In this 
context the following simplification have been made: the inlet area has been considered as a rectangular 
area, but with the same size than the 1 inch pipe used for the experiments. Beside the maximum extension 
the pool front velocity and the temperature distribution in the ground shall be compared with the 
experiment. 
 
Geometry and grid 
The geometry is shown in Fig 07 (a). A simple rectangular geometry with a length of 3.5 m and 
a width of 1.5 m has been used. The fluid domain has a thickness of 0.1 m and the solid domain a 
thickness of 0.35 m. The grid has been build considering the grid quality criteria given by best practise 
guidelines [15]. However a strict grid study has not yet been performed. 
 The grid applied, compare Fig. 07 (b) is refined in the vicinity of the inlet, towards the side an expansion 
factor less than 3 has been used. The inlet throttle area has been simplified to a square area with the same 
area that the 1 inch pipe used for the experiments. The first wall cell has been the same thickness than the 
last fluid cell at the interface, the expansion factor inside the wall domain is slightly increased to the one 
in the fluid, but still below 1.5.  
 
The maximum face angle is above 83°, so almost a Cartesian hex grid has been used. The aspect 
ratio for the wall is smaller than 55 and smaller 44 for the fluid. Y+ values below 30 have been 
determined at the interface wall and fluid, as also shown in Table 1. 
For the wall the values of a portland concrete [14] has been used, which are for the density 2371 kg/m³, 
for the heat capacity 880 J/kg K and for the heat conductivity 1.13 W/m K. The fluid domain contains 
initially 100 % volume fraction of air which is obeying the ideal gas law. The liquid hydrogen values 
[3]for the density are 70.78 kg/m³, for the heat capacity 9.96 kJ/kg K and for the heat conductivity 0.099 
W/m K. Gaseous hydrogen is not modelled. 
 
stationary area 
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Fig. 07. (a) geometry used for simulation (b) example of grid used for simulation 
Table 1. grid data 
domain nodes Face angle Aspect ratio Expansion 
factor 
Y+ 
Wall 115000 >83° <55 <1.5 n.a. 
Fluid 230000 >85° <44 <1.5 <30 
 
Physical model 
Most of the applied physical models are part of CFX [13]. The flow is simulated using the 
unsteady Reynolds averaged Navier Stokes equations using the k-ω SST turbulence model inclusive 
turbulence production and dissipation. At the fluid-wall interface standard wall functions have been used 
and conjugate heat transfer is considered. Heat radiation and bulk volume evaporation has been neglected, 
in this phase of modelling the release. It is considered that the evaporation at the wall is the main 
parameter for the overall evaporation rate [3]. An inhomogeneous multiphase model is applied. Interfacial 
shear is considered by means of a drag coefficient between liquid and gas [13]. The phases are not mixed 
on a microscopic scale. Furthermore the free surface flow model of CFX has been used. As convergence 
criteria a maximum residual of 1x10-3 is forced. This resulted in 2 to 10 coefficient loops per time step. 
Time steps are in the range of 10-3 until 10-5, s. leading to an average Courant (CFL) number much 
smaller than 1.  
5. Results and Discussion 
As stated before the flashing fraction was not determined experimentally. Consequently a 
parameter study changing the parameter of the liquid inlet mass flow rate has been performed in order to 
determine this value. Four cases have been investigated with 100%, 75%, 50% and 25% of the nominal 
measured mass flow. 
The stationary distribution at the end of the simulated time is shown in Fig. 8. Stationary means that the 
distribution over time does not change significantly. It can be found that case a) has a distribution of 2.05 
m, case b) 1.55 m, case c) 1.05 and case d) 0.5m. 
According to the mentioned examination in chapter 3 the distribution of the pool is between 1.2 and 1.4 
m, which correlates to case b) and c). This also is consistent with the liquid mass flow rates determined by 
Giannassi et al.. [12] and Ichard et al. [14]. 
 
Beside the pool distribution the pool front velocity is a good parameter to check if the solution is 
in the range of the experiment. In that case only case d) has an almost equal pool front velocity to the 
experiments. It is expected that the pool front velocity is highly influenced by effects which are not 
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modeled here such as the gaseous hydrogen bubbling up in the pool and the different friction between 
surface and pool. The effect on the pool front velocity has to be investigated further. 
Furthermore the predicted temperature decrease in the wall is compared to the surface thermocouples. 
The temperature distribution at the wall surface can bee seen in Fig. 09. The temperature scale of this 
contour plot is logarithmic and the values are chosen according Brentari’s Nukiyama Diagramm of 
hydrogen. The green, yellow and orange areas show the film boiling area and only case a) reached the 
transition boiling regime.  
 
Fig. 08. Distribution of the cryogenic hydrogen pool at a liquid mass flow of (a) 100%  (b) 75 % (c) 50 % (d) 25 % of the release 
mass flow under stationary condition 
It can be found that only in case a) and b) the temperature monitor points have seen a decrease in 
temperature. The influence of different parameters such as the boundaries at the different wall faces and 
parameters such as the concrete heat conductivity have a significant effect and are not investigated 
completely, yet. 
 
 
Fig. 09. Distribution at of the wall surface temperature at liquid mass flow of (a) 100 %  (b) 75 % (c) 50 % (d) 25 % of the release 
mass flow under stationary condition 
The pool distribution of the case b) and c) are consistence with the experimental data, the 
temperature distribution of the wall and the pool front velocity are not in the range or close by the 
experimental data and they need further investigation. 
6. Conclusion and Future Work 
Aim of the implementation of a boiling model for cryogenic hydrogen releases was to predict the 
spreading of a liquid hydrogen pool. This model was then validated by means of the HSL experiments. 
Main criteria was the maximum stationary extension, were the evaporated mass flow rate is equal to the 
injected throttle mass flow rate. It has been shown tha the extension can be predicted according to the 
experimental data, if the flash evaporation mass flow rate is considered correctly.  
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A liquid mass flow rate has been confirmed with the model according to statements in the literature. Still 
there are open questions such as the grid sensitivity of the model and the heat conduction in the wall 
which has to be examined in the future. 
 
Nevertheless the experimental data contains a high variety of physical phenomena as stated 
before and the boiling between liquid hydrogen and wall is expected to be a main part, but still not the 
only contributor for the distribution of a liquid hydrogen pool. The experimental data can not be used for 
validating only this single physical phenomenon, only almost all phenomena have to be modelled and 
then the data of the HSL experiments, beside other, might be used for validation the complete model. 
Anyhow the direction of the results show in the right direction, so further parts of the whole distribution 
model will be eventually implemented, verified and finally validated. 
 
Acknowledgement 
 
We want to express one’s thank to the colleagues from the Health and Safety Laboratory in UK 
for there cooperative support and the transmission of the experimental data, that we were able to validate 
our model with. 
 
References 
 
[1] Hooker P., Willoughby D.B., Royle M., "Experimental releases of liquid hydrogen", Proc. 4th Int. Conf. on Hydrogen Safety, 
September 12-14, 2011, San Francisco, CA  
[2] Witcofski R.D, Chirivella J.E., "Experimental aqnd Analytical Analysis of the mechanism govering the dispersion of 
flammable clouds formed by liquid hydrogen spills", Int. J. Hydrogen Energy, Vol. 9, No. 5, pp. 425-435, 1984 
[3] Dienhart B., "Ausbreitung und Verdampfung von flüssigen Wasserstoff auf Wasser und festem Untergrund", Berichte des 
Forschungszentrum Jülich, 3135, Diss.Universität Bochum, 1995 
[4] Verfondern K., Dienhardt B., "Pool spreading and vaporization of liquid hydrogen", Int. Journal of Hydrogen Energy 32 (2007) 
2106 - 2117 
[5] Chitose K., Okamoto M., Takeno K., Hayashi K., Hishida M., Analysis of a large scale liquid hydrogen dispersion using the 
multi-phase hydrodynamics analysis code (CHAMPAGNE), Journal of Energy Resources Technology, 2002, VOL. 124 
[6] Chitose K., Tekeno K., Yamada Y., Hayashi K., Hishida M., "Activities on hydrogen safety for the WE-NET Project - 
Experiment and Simulation of the Hydrogen Dispersion", Japan, 2002 
[7] Brentari E.G., Giarratano P.J., Smith R.V., "Boiling Heat Transfer for Oxygen, Nitrogen, Hydrogen and Helium". US 
Departement of Commerce, National Buereau of Standards, Technical Note Nr. 317, US Government Printing Office, 
Washington DC, 1965 
[8] Zuber N., Hydrodynamic aspects of boiling heat transfer, AEC Report AECU-4439, Physics and Mathematics, 1959 
[9] Lienhardt IV J. H., Lienhardt V J.H,, A Heat Transfer Test Book, 4th edition, Phlogistion Press, Cambridge Massachusetts, 
USA, 2011 
[10] Breen B.P., Westwater J.W., Effect of diameter of horizontal tubes on film boiling heat transfer, Chem. Eng, Progr., 58, No. 7, 
1965 
[11] Kutateladze S. S., Heat Transfer in condensation and boiling, State Sci. & Tech. Pub. of Lit on Machinerary, Moskau (Atomic 
Energy Commission Translation 3770, Tech. Info. Service, Oak Rich Tennesee), 1952 
[12] Giannissi, S.G., Venetsanos, A.G., Bartzis, J.G., Markatos, N., Willoughby, D.B., Royle, M., CFD MODELING OF LH2 
DISPERSION USING THE ADREA-HF CODE, Proc. 4th Int. Conf. on Hydrogen Safety, September 12-14, 2011, San 
Francisco, CA 
[13] ANSYS CFX 13.,0 Documentaion, Ansys Inc., Canonsburg, 2010 
[14] Ichard M., Hansen O.R., Middha P., Willoughby D., CFD computations of liquid hydrogen releases, Proc. 4th Int. Conf. on 
Hydrogen Safety, September 12-14, 2011, San Francisco, CA 
[15] Wintergerste T., Casey M., Hutton A.G., “The best practise guidelines for CFD – a european initiative on quality and trust”, 
PVP-Vol. 448-1, Computioanal Technologies for Fluid/Thermal/Structural/Chemical Systems with industrial applications, 
Volume 1, ASME 2002 
